Japanese pear exhibits gametophytic self-incompatibility that is controlled by the multiallelic S-locus. The Slocus encodes polymorphic S-RNase for the pistil-part S determinant in Japanese pear. Information about the S-genotypes is important for the selection of pollen donors for fruit production and breeding of Japanese pear cultivars. We determined the S-genotypes of three Japanese pear cultivars, 'Kinchaku' (S 4 S k ), 'Natsuhikari' (S 3 S 4 ) and 'Wakahikari' (S 3 S 4 ), and an F 1 hybrid cultivar between a Japanese pear cultivar and a European pear cultivar, 'Oharabeni' (S 9 S e ), by PCR-RFLP analysis of S-RNase. A new S k -RNase allele was identified in 'Kinchaku', and full length cDNA encoding S k -RNase was sequenced. The S k -RNase was not effectively amplified by the previously published primers. We designed a new PCR primer combination for the amplification of the S k -RNase allele in addition to the S 1 -to S 9 -RNase alleles of Japanese pear, and developed a PCR-RFLP system for identifying the S 1 -to S 9 -and S k -alleles.
Introduction
Self-incompatibility (SI), which is a genetic system for preventing self-fertilization in flowering plants, is controlled, in many species, by a single locus with multiple alleles, called the S-locus. When an S-allele of a pollen matches that of the pistil, the pollen is recognized as 'self' and is rejected by the pistil. In the Rosaceae, Solanaceae and Scrophurariaceae families, the S-locus encodes ribonuclease, S-RNase, for the pistil-part determinant (de Nettancourt 2001) .
Japanese pear (Pyrus pyrifolia Nakai), which belongs to the Rosaceae family, exhibits gametophytic SI (GSI). For ensuring fruit set, artificial pollination with compatible pollen from other cultivars has been conducted in commercial fruit production of Japanese pear. Determination of the Sgenotypes is thus important for the selection of appropriate pollen donors in fruit production, and also in breeding programs. However, the incompatibility test by cross pollination, which is affected by environmental conditions, does not enable to easily obtain reliable results, and can not be applied to juvenile trees raised by a cross for breeding.
The S-RNases of Japanese pear were identified by protein analyses (Sassa et al. 1992 , 1993 , and the nucleotide sequences of cDNAs for nine S-RNase alleles (S 1 to S 9 ) have been reported , Ishimizu et al. 1998 , Carlos et al. 2001 , Takasaki et al. 2004 ).
Based on the sequence polymorphism of the S-RNase, Ishimizu et al. (1999) developed a polymerase chain reaction -restriction fragment length polymorphism (PCR-RFLP) system for identifying the S 1 -to S 7 -alleles of Japanese pear cultivars. Using the PCR-RFLP system, the S-genotypes of fifteen Korean bred pear cultivars and five Japanese pear cultivars were determined, and eight self-compatible varieties were selected among sixteen 'Osa-Nijisseiki' offsprings (Kim et al. 2002 (Kim et al. , 2004 . Sawamura et al. (2002) identified a new S 9 -allele in the Japanese pear cultivars 'Shinsei' and 'Shinkou', and Takasaki et al. (2004) redesigned the PCR-RFLP system for determining the S 1 -to S 9 -alleles.
Pear scab caused by Venturia nashicola is one of the most serious diseases in Japanese pear as the majority of the cultivars is susceptible to the disease. However, the Japanese pear cultivar 'Oharabeni', which was reported to be derived from a cross between a Japanese pear cultivar and a European pear cultivar (Takahashi et al. 1981) , is resistant to pear scab and other important diseases such as black spot (Alternaria alternata) and pear rust (Gymnosporangium asiaticum) (Takahashi et al. 1981 , Banno et al. 2000 . Another cultivar 'Kinchaku' is also highly resistant to pear scab with no macroscopic evidence of fungal infection (Abe and Kurihara 1993) . Recently, the scab resistance gene 'Vnk' of 'Kinchaku' has been mapped to the linkage group 1 by using simple sequence repeat markers (SSR) (Terakami et al. 2006) . Although 'Oharabeni' and 'Kinchaku' are important materials for disease resistance breeding, their S-genotypes have not yet been elucidated.
In the present study, we examined the S-genotypes of the Japanese pear cultivars 'Natsuhikari' and 'Wakahikari', in addition to those of 'Oharabeni' and 'Kinchaku', by PCR-RFLP analysis. We identified a new S-RNase allele from 'Kinchaku' and named it S k , and isolated the cDNA encoding the full-length S k -RNase. Since it was difficult to identify the S k -RNase sequence by using the reported PCR-RFLP systems, we designed a primer and developed a new system for identifying the S-genotypes of Japanese pear cultivars.
Materials and Methods

Plant materials
Young leaves of Japanese pear and European pear cultivars were collected at Chiba Prefectural Agriculture Research Center. Styles with stigmas of 'Kinchaku' were obtained from flower buds at the balloon stage of development. The leaves and styles were frozen in liquid nitrogen and stored at −80°C.
PCR-RFLP analysis
DNA was extracted from the leaves by the method of Sassa (2007) , and used for PCR-RFLP analysis. PCR was performed using the S-RNase-specific primers, FTQQYQ, anti-(I/T)IWPNV, EP-anti-IIWPNV2 and PSprI, essentially as described by Kim et al. (2002) (Table 1 ). The amplified S-RNase fragments were digested with the allele-specific restriction endonucleases SfcI (S 1 ), XbaI (S 2 ), PpuMI (S 3 and S 5 ), NdeI (S 4 ), AlwNI (S 5 ), MluI (S 6 and S 7 ), NruI (S 8 ) and BstBI (S 9 ) and analyzed by agarose gel electrophoresis, as described by Ishimizu et al. (1999) and Takasaki et al. (2004) .
Rapid amplification of cDNA ends (RACE)
Total RNA was extracted from the pistils of 'Kinchaku', to carry out 3′RACE by using the gene-specific primer 'primer 7' (Sassa et al. 1997) in order to amplify the SRNase sequence, as described by Ushijima et al. (2003) . The 5′ end of the cDNA for the S k -RNase was amplified by using the gene-specific primer '5′RACEKIN' (5′-AGT GAT GCA TCT ATC GGC TGC-3′) by 5′RACE (Ushijima et al. 2003) .
Sequence analysis
The PCR products were cloned into the pT7Blue-T vector (Novagen, Madison, USA). DNA sequences of the inserts of several clones were determined by using the Dye Terminator Cycle Sequencing Kit (Applied Biosystems) and the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). DNA sequences were aligned by using GENETYX-Mac (GENETYX Co. Tokyo, Japan).
Results and Discussion
Determination of the S-genotypes of 'Natsuhikari' and 'Wakahikari' By using the PCR-RFLP system that identified the S 1 -to S 9 -alleles of the Japanese pear cultivars (Takasaki et al. 2004) , the S-genotypes of 'Natsuhikari' and 'Wakahikari' were analyzed. PCR products ca. 350 bp long were amplified from 'Natsuhikari' and 'Wakahikari', suggesting that these cultivars did not carry the S 2 -allele corresponding to longer 1300 bp products (Fig. 1A) . RFLP analysis of the PCR products by using the S-allele-specific restriction endonucleases revealed that the S-genotypes of both 'Natsuhikari' and 'Wakahikari' were S 3 S 4 . Yoshioka et al. (1997) observed that the fruit set rates in the cross of 'Natsuhikari' with 'Chikusui' (S 3 S 4 ; Ishimizu et al. 1999) and 'Wakahikari' were lower than those in other cross combinations. However, the fruit set data reported by Yoshioka et al. (1997) were not clear enough to conclude that the Sgenotypes of these cultivars were identical. PCR-RFLP analysis explained the low fruit set rates observed by Yoshioka et al. (1997) , and further suggested that the analysis of the S-RNase alleles is a reliable method of S-genotyping.
S-genotyping of 'Oharabeni' by S-RNase PCR-RFLP
'Oharabeni' was reported to be derived from a cross between the Japanese pear cultivar 'Okusankichi' (S 5 S 7 ) and the European pear cultivar 'Max Red Bartlett' (S e S l ) (Takahashi et al. 1981) . However, Banno et al. (2002) found that neither S 5 nor S 7 could be detected in 'Oharabeni'. To determine the S-genotype of 'Oharabeni', PCR-RFLP analysis (Takasaki et al. 2004 , Moriya et al. 2006 was conducted. The S-RNase PCR fragments were obtained from eight Japanese pear cultivars and two European pear cultivars (Fig. 2) . In 'Oharabeni', the S e -RNase-specific 1 kb fragment was detected, suggesting that the S e -RNase was derived from 'Max Red Bartlett'. In addition to the S e -RNase, a fragment ca. 1300 bp long corresponding to S 2 -or S 9 -RNase was detected in 'Oharabeni'. However, the S 5 -or S 7 -RNase fragments of the reported female parent 'Okusankichi' were not amplified from 'Oharabeni'. The PCR fragments about 1300 bp long were digested with the S 2 -and S 9 -allele-specific restriction endonucleases, XbaI and BstBI, respectively, to differentiate the two alleles (Fig. 3) . Since the PCR fragment of 'Oharabeni' (lane 1) was cleaved with the S 9 -allele-specific restriction endonuclease but not with the S 2 -specific enzyme (Fig. 3A, B) , the S-genotype of 'Oharabeni' was considered to be S e S 9 . Recently, Kimura et al. (2003b) have analyzed the parentage of 14 Japanese pear cultivars by using 20 SSR markers. In the analyses of the parentage of 'Oharabeni', it was concluded that 'Okusankichi' was not the parent because the SSR alleles of 'Okusankichi' were not transmitted to 'Oharabeni', while 'Max Red Bartlett' was considered to be a parent of 'Oharabeni' (Kimura et al. 2003b) . Based on further SSR and chloroplast DNA sequence analyses, Kimura et al. (2002 Kimura et al. ( , 2003a concluded that 'Oharabeni' was derived from a cross between 'Ishiiwase' (S 3 S 9 ) and 'Max Red Bartlett' (S e S l ). Our results showing that 'Oharabeni' (S e S 9 ) shared S-alleles with 'Ishiiwase' (S 3 S 9 ) and 'Max Red Bartlett' (S e S l ) but not with 'Okusankichi' (S 5 S 7 ) are consistent with the findings reported by Kimura et al. (2002 Kimura et al. ( , 2003a .
S-genotyping of 'Kinchaku' and identification of a new S kRNase
We first conducted a PCR analysis of 'Kinchaku' according to the method of Takasaki et al. (2004) . The common S-RNase fragments about 350 bp long were amplified from seven cultivars, including 'Kinchaku', suggesting that 'Kinchaku' did not carry the S 2 -or S 9 -alleles that corresponded to longer bands (Fig. 4A) . We then amplified SRNase fragments by using the 'FTQQYQ' and EP-anti-IIWPNV2 primer pair designed for the European pear alleles (Moriya et al. 2006) (Fig. 4B) . A new S-RNase fragment ca. 1100 bp long was amplified from 'Kinchaku'. Since the 1100 bp S-RNase fragment was clearly different from the S 1 -to S 9 -RNases of Japanese pear, the new fragment was designated as S k .
To clone the cDNA for the new S k -RNase from 'Kinchaku', we carried out RACE. The nucleotide sequence 'Wakahikari' (S 3 S 4 ). The S-allele-specific fragments are indicated by arrows. Fig. 2 . Analysis of the S-RNase alleles of 'Oharabeni'. The S-RNase fragments were amplified by PCR using FTQQYQ and anti-(I/T)IWPNV primers. The cultivars examined were 1: 'Okusankichi' (S 5 S 7 ), 2: 'Bartlett' (S e S l ), 3: 'Oharabeni', 4: 'Ishiiwase' (S 3 S 9 ), 5: 'La France' (S e S r ), 6: 'Wakahikari' (S 3 S 4 ), 7: 'Natsuhikari' (S 3 S 4 ), 8, 'Kinchaku' (S 4 S k ) and 9, 'Chojuro' (S 2 S 3 ). Fig. 3 . Determination of the S-genotype of 'Oharabeni'. The S-RNase fragments amplified by PCR using FTQQYQ and anti-(I/T)IWPNV primers were treated with the restriction enzymes XbaI (S 2 -specific) (A) and BstBI (S 9 -specific) (B). 1: 'Oharabeni' (S e S 9 ), 2: 'Ishiiwase' (S 3 S 9 ) and 3: 'Chojuro' (S 2 S 3 ). The Sallele fragments are indicated by arrows.
of the full length S k -RNase cDNA contained 696 bp of the coding region encoding 232 amino acid residues. Comparison of the amino acid sequences of the S k -RNase with those of the nine S-RNases of Japanese pear revealed that the new S kRNase contained the conserved eight cysteine residues and two histidine residues essential for RNase activity (Kawata et al. 1989) (Fig. 5) . The amino acid sequence of the S kRNase showed a higher homology to those of the S e -(95%) and the S l -RNases (83%) of European pear than to those of the Japanese pear alleles, ranging from 69% (S 9 ) to 75% (S 3 and S 5 ).
New PCR-RFLP system for the determination of the Sgenotypes of Japanese pear cultivars In order to develop a method to detect the S k -and S eRNases in addition to the reported nine S-RNases of Japanese pear, PCR analysis of different S-genotypes was carried out by using three primer combinations (Fig. 6) . By using the primers FTQQYQ and anti-(I/T)IWPNV (Takasaki et al. 2004) , the S 1 -to S 9 -RNase fragments of Japanese pear and S e -and S r -RNase fragments of European pear were amplified, unlike the new S k -RNase fragment (Fig. 6A) . We then tested the FTQQYQ and EP-anti-IIWPNV2 pair which amplified 17 S-RNases of European pear cultivars (Moriya et al. 2006) (Fig. 6B) . With the combination of FTQQYQ and EP-anti-IIWPNV2, the S k -RNase fragment was weakly amplified, unlike the S 9 -RNase fragment, suggesting that a new PCR-RFLP system should be developed for the identification of the S-genotypes of Japanese pear cultivars, including 'Oharabeni', 'Kinchaku' and their progenies.
Based on the nucleotide sequences of the cDNAs encoding 24 S-RNases of pears, including the S k -RNase, a new reverse primer 'PSprI' was designed. The S k -RNase and other S-RNase PCR fragments were successfully amplified with the 'FTQQYQ' and 'PSprI' primer combination (Fig. 6C) . The PCR fragments amplified by the 'FTQQYQ' and 'PSprI' primers were digested with the S-allele-specific restriction endonucleases (Takasaki et al. 2004) to determine whether the new primer combination amplified all the Salleles and was effective for S-genotyping (Fig. 7) . Although the S 2 -specific enzyme XbaI was found to also digest the S kand S e -alleles, yielding fragments 921 bp and 161 bp long, and fragments 905 bp and 160 bp long, respectively, in addition to S 2 -RNase yielding 645 bp and 769 bp fragments, the S 2 -specific fragments were distinguishable from those of the S k -and S e -bands (Fig. 7B) . The PCR fragment ca. 400 bp long of 'Kinchaku' was cleaved with the S 4 -specific restriction endonuclease NdeI. In addition to S 4 , the 1082 bp fragment of S k -RNase, the 1065 bp fragment of S e -RNase and the 1374 bp fragment of S 9 -RNase were also split into 702 and 380 bp fragments, 706 and 359 bp fragments and 1157 and 217 bp fragments by NdeI treatment, respectively (Fig. 7D ).
Other reported S-specific restriction endonucleases than NdeI were found to specifically cut the respective S-alleles amplified with the 'FTQQYQ' and 'PSprI' primer combination ( Fig. 7 ; Takasaki et al. 2004) . To clearly differentiate the new S k -RNase allele from the European pear-derived S e , the S k -allele-specific restriction enzyme NarI was used. The 1082 bp fragment of S k -RNase was split into 154 bp and 928 bp fragments by NarI, unlike the S e fragment (Fig. 7I) . Therefore, it appears that the new PCR-RFLP system could become a powerful tool in determining the S-genotypes and analyzing new alleles in Japanese and European pear cultivars. The system should also be useful for the S-genotyping of the progenies of 'Kinchaku' (S 4 S k ) and 'Oharabeni' (S 9 S e ) in breeding programs, in order to use these cultivars as disease resistance donors.
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